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Abstract. 'Fe isomer shifts and the electron density on iron nucleus for a range of tetraoxoferrate ions have
been analyzed by means of DFT calculations. The bond lengths and the electron density on the nuclei obtained by
our calculations substantially corresponded to the known structural and Méssbauer data. For ferrates the isomer shift
depends on the 4s-orbital population. The results obtained allowed us to estimate the isomer shifts for
tetraoxoferrate(VII), KFeO,, and iron(VIII) oxide, FeO,.

1. Introduction

There is constantly growing interest in iron in high oxidation states primarily due to its high potential in water
treatment [1, 2]. Ferrates of alkali metals contain complex tetraoxoferrate anions [FeO4]" (n=4+2), which give
ferrate(VI)-anion, FeO,”, when come into water. FeO,* -ion is a very powerful oxidant. They are able to neutralize
extremely toxic substances, whereas common oxidizing agents used in water treatment, such as chlorine and ozone,
often result in more toxic products. Ferrates (VII) and (VIII) are exotic part of modern inorganic chemistry. But
these compounds could be much stronger oxidizers than ferrate (VI). That is why it is very important to know their
Mossbauer parameters. This could allow us to detect iron (VII) and (VIII) in the reaction mixture betimes and to
optimize the synthetic way.

2. Calculations

To calculate the geometrical parameters of the isolated ions [Fe™0,]™® (m>3) obtained with using
Amsterdam Density Functional. Geometry optimisation for ions calculated with using exchange
functional OPTX [3] conjunction with PBE correlation functional [4] and all-electron TZP basis set of
Slater's o-orbitals, using approximation of frozen core in attitude to core electrons. A scalar relativistic
effect was considered with using regular approximation of zero-order ZORA [5]. The applying of this
basis set is better with respect to accuracy and efficiency. The analysis of the atomic charge and
populations of atomic orbitals has been done using the NBO [6] approximation within the GAUSSIAN’03
[7] program.
Isomer shifts in this paper are related to a-iron and are presented in [mm-s™].
3. Results and discussion

First, the geometries of ions [FeO,]" (n=0+4) were optimized by the above mentioned procedure. The
calculated Fe-O bond lengths are presented in Table 1. To check the accuracy of our quantum-chemical
calculations it is necessary to compare the experimental and calculated geometries of molecules. For the
comparison we used the structural data for the following known ferrates: NasFeO, [8], K;FeO4 [9],
K,FeO,4 [10, 11]. In these compounds iron is in practically regular tetrahedral oxygen arrangement. The
average Fe-O distances used for comparison are presented in Figure 1.

The correlation diagram is presented in Figure 1 and gives us very good results:

exXp. _ cal. o o
Ri. _olAl=-05+13REL gIAl  (=0.999; 5=0.004; n=3)
Obtained earlier [15] by B3SLYP/DGDZVP method with using Gaussian 03 program suchcorrelation

— Q —



Joxnaovr Hayuonanvroti axademuu Hayx Pecny6nuxu Kazaxcman

wasapproximatelythe same quality
Res olAl= 0.2+ LIRE o[A] (=0.987; §=0.02; n=3)

In this and subsequent correlation equations r is a correlation coefficient, s is the standard curve fit
error, and n is the number of compounds.
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Figure 1.Dependence between experimental and calculated by BP86/T72P+ method Fe-O bond length

Basically, for obtaining of dependences between formal degrees of oxidation of the iron ions it is
possible to use various schemes of the calculation of different effective charge on atoms. In this paper we
used the analysis of an effective charge by Voronoi scheme [16] which is considered one of optimal for
estimation atomic charges.

The calculations showed that the increasing of the iron oxidation state (OS) lead to decreasing both

natural charge on the oxygen atom (Q(})and natural charge of the iron atom (QFE). The respective
dependencies are described by the following correlation equations:

QD [e] =-2.0+0.240S (r=0.9999; s=0.007;n=17)
QFe [€]=0.140.030S  (r=0.982:5s=0.01;n=7)

Increasing of the oxidation state is also accompanied by the increase of the electron density on the
iron nucleus(@g) (Figure 2.)

Dolag3]=14824+1060S (r=0.982;5=0.5;n=7)
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Figure 2. Dependence between electron density on Fe nuclei (calculated by BP86/TZ2P+ method) and ions oxidations state
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Table 1.Optimized by BP86/TZ2P+ method and experimental parameters for tetraoxoferrates (IV) — (VIII)

Oxidation state | R2al E N geal s | B5F  mmes —3

S Fe—0- Fe—-0 [ x—Fe- [ =—Fe Pa.3p N, e
1.804 -0.22

+4 1.848 o NogFels -0.18 for NaFel, 14827.0 0223
1.695 -0.55

+5 1.736 for K4FeO, -0.55 for K4FeO, 14828.7 0241
1.640 -0.90

+6 1.668 for K,FeO, -0.87 for K,FeO, 14830.1 0.255

+7 1.619 - -1.18 - 14831.3 0.268

+8 1.586 - -1.40 - 14832.3 0277

The similar correlation presented earlier [15] had a few more correlation parameter, but ions Fe(II)
and Fe (III) are excluded from correlation dependence calculated by B3LYP/dgdzvp

p,[a1=116136+0980S  (r=0.996;s=0.16;n = 5)

Finally p, has been compared with experimental isomer shifts of well-known ferrates (Figure 3).
This dependency has also good correlation parameters:

O [mmr s'l] =2997-0.20215p, [a0'3] (r=0980;s=0.07,n=3)
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Figure 3. Dependence between experimental shift and calculated relativistic electronic densities at the >’Fe nucleus (by
BP86/TZ2P+ method)

The correlation dependences obtained by both methods have allowed to use calculated electronic
density on Fe nucleus to estimate of isomer shifts for tetraoxoferrate (VII) and (VII) (-1.18 and -1.40
mm-s" from B3LYP/dgdzvp method [15], as well as -1.15 and -1.35 mm-s 'from BP86/TZ2P+ method, in
this paper, relative to a-Fe respectively). Obviously, using of different methods of calculation has allowed
obtaining almost identical isomer shifts which indicates asufficientlyprecisionof these calculationsandtheir
proximityto the experimental values.

It will be noted that absorption lines in the respective range were already observed formerly at the
spectra of NasFeO, [12]. This compound decomposes at room temperature by disproportionation
mechanism. During this multistage process several higher oxidation states of iron can be observed.
Interaction of NasFeO, with Na,O, also allowed us to synthesized iron derivatives showing absorption
lines with extremely low shifts [12]. The line with isomer shift -1.52 mm-s” (at 78 K) was also observed
in the frozen solutions, obtained by anodic dissolution of metallic iron in concentrated NaOH (14M
NaOH) at high current densities [17]. This line was assigned to Fe(VIII).

It is well known that for Mdssbauer atoms the magnitude of the isomer shift depends simultancously
on the s-, p- and d-orbital populations of these atoms [18]. Earlier for various so-called M&ssbauer atoms
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very good correlations between isomer shifts and orbital populations calculated at B3LYP/3-21G(d) by
similar procedure have been found [19-22]. For iodine compounds the main contribution to isomer shift
comes from the 5s-orbital population, but for tin and antimony compounds a considerable contribution
comes from the shielding by Sp-orbitals. For the Au(l) and Au(IIl) compounds the dependences between
the isomer shift and the orbital populations include the direct effect of the valence-shell s-electrons and
their shielding of the d-electrons. According to these results it was possible to confirm the conclusion
about the greater contribution of the 6s-orbital than 5d-orbital of a gold atom to the isomer shift. If in
Au(I) compounds the chemical bonding is determined basically by s- and to a lower extent by d-orbitals
of the central atom, in Au(Ill) compounds the contribution of d-orbital is considerably increased, that is
coordinated by a natural image with the increase of the number gold atom bonds. The similar results were
obtained by us at B3LYP/LanL2DZ level of Pt(I) and Pt(IV) compounds [20]. For Pt(Il) compounds the
main contribution to isomer shift comes from the 6s-orbital population, but for Pt(IV) compounds the
shielding of the nucleus by 5d-orbitals brings in the greater contribution.

The main observed trends in the variations of the isomer shifts for ferrates can now be interpreted in
terms of the valence electronic populations, which depend on iron oxidation state. Our calculation leads to
the conclusion that in tetraoxoferrate ions the main contribution to isomer shift brings the 4s-electrons,
which is confirmed by the excellent correlation equation:

SImms']=-0.214 - 0.045Ns[e]  (r=0.999; s=0.001; n=5)

This correlation is valid for both calculated and experimental isomer shifts of ferrates (IV)-(VIII).

An addition of the Ny population increment to the last equation impairs the quality of the correlation;
the standard curve fit error being 0.01 mm-s™. Thus, our calculations show that the shielding of the iron
nucleus by d-electrons does not influence on the isomer shift.
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Kmrouerbie cioBa: teopus (yHkumonama mioTHOCTH, ADF(Amcrepmamckuii (DYHKIIHOHAT TIOTHOCTH),
MeccOay3IpPOBCKast CIIEKTPOCKOTHS, (peppaTsl

Annoramust.C momompto pacyeroB DFT (Teopust (yHKOHOHAMA IDIOTHOCTH) OBLTH TIPOAHAIU3UPOBAHBI
H30MEPHBIC CIBHTH ~ FEH 3MEKTPOHHAS IIOTHOCTh HA AMPAXIKENE3A A HOHOB TeTpaokco(epparos. ITomydueHHbIC
MO0 HAIIMM PACUYCTAM/UIMHBI CBS3EH W IUIOTHOCTh 3JCKTPOHOB HA SAPaX XOPOHIO COTJIACYEOTCS C W3BECTHBIMH
CTPYKTYPHBIMH H MECCOAy3pOBCKUME JAHHBIMHA. [[1 ()eppaToB M30MEPHBICCABHTH3ABHCAT OT 3aCCIACHHOCTH 4s-
opbutamu. [lOoMyYCHHBIC PE3YIBTATHl MO3BOJHIM OLCHHTH H30MCPHBIC CABHTH A Terpaokcodepparos (VID),
KFeO, u okcuna xenesa (VIID), FeO,.
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Tyiiin ce3mep: THIFBBIPK (QYHKIMOHATHHBH Teoprsichl, ADF (TEEBI3ABIKTEIH AMcTepaaM (QYHKITMOHATHL), MeccOaysp
CIIEKTPOCKOIIMSICHL, (hepparTap.

Anrotarmsi. DFT(TEEBI3IBK (YHKIHOHATH TEOPHSCH) ecelTeylep KeMeriMeH °'Fe M30MEPIIK BIFRICYIApHl KoHE
TeTpaokcodepparTap HOHAAPHI YIIIH TeMip SIPOCHIHAAFbI SIEKTPOH/BIK THEFBI3IBIKTAPH TaIaH bl bi3/liH ecerrreyiep GolbIHITA
anpIHraH OaiiiaHpIc Y3BIH/BEBl MEH SLIPOJIap/arbl IEKTPOHIAP/bIH THIFBI3/IBIKTAPEl OENTili KYPBUIBIMIBIK koHE MeccOaysp
MaTIMETTepMEH KaKChl calikec kenmeai. DepparTap YIIH U30MEPIIK BIFBICYTap 4s-0pOUTaTIHIH THFBI3ALIFLIHA TOYe 1 GONaibL.
Anprran HoTIbKeIep TeTpaokcodeppartap (VII), KFeO xane temip okciainiy (VIID), FeO, uzoMeprik SEBICYIaphIH ecenTeyre
MYMKIHJIK Gepi.
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